
NASA 
Technical 
Paper 
2374 

November 1984 

NASA 

Flight and Wind-Tunnel 
Comparisons of the 
Inlet )Airframe Interaction 
of the F-15 Airplane 

Lannie D. Webb, 
Dom Andriyich-Varda, 
and Stephen A. Whitmore 



NASA 
Technical 
Paper 
2374 

1984 

National Aeronautics 
and Space Administration 

Scientific and Technical 
Information Branch 

Flight and Wind-Tunnel 
Comparisons of the 
Inlet /Airframe Interaction 
of the F-15 Airplane 

Lannie D. Webb, 
Dom Andriyich-Varda, 
and Stephen A. Whitmore 
Ames Research Center 
Dryden Flight Research Facility 
Edwards, Calfornia 



SUMMARY 

The des ign  of i n l e t s  and nozzles  and t h e i r  i n t e r a c t i o n s  with t h e  a i r p l a n e  may 
account  f o r  a l a r g e  percentage of t h e  t o t a l  d rag  of modern high-performance a i r -  
craf t .  This  paper  d e s c r i b e s  the  i n l e t / a i r f r a m e  i n t e r a c t i o n s  program and t h e  f l i g h t  
tests conducted a t  t h e  Dryden F l i g h t  Research F a c i l i t y  of the  NASA Ames Research 
Center .  I n l e t - d r a g  and l i f t  d a t a  from a 7.5-percent-scale wind-tunnel model are 
compared wi th  d a t a  from a n  F-15 a i r p l a n e  with in s t rumen ta t ion  t o  match t h e  model. 
P re s su re  c o e f f i c i e n t  v a r i a t i o n s  with va r i ab le  cowl a n g l e s ,  cap tu re  ratios,  and 
a n g l e s  of a t tack are examples of flow i n t e r a c t i o n s  p re sen ted .  Data are p resen ted  
f o r  Mach numbers of 0.6, 0.9, 1.2, and 1.5. 

INTRODUCTION 

A s  t h e  e f f o r t  t o  opt imize a i r c r a f t  performance over an i n c r e a s i n g l y  l a r g e r  
f l i g h t  r eg ion  con t inues ,  more complicated f l i g h t  c o n f i g u r a t i o n s  evolve.  Flow i n t e r -  
a c t i o n s  of t h e  i n l e t s ,  nozzles ,  and airframe can change t h e  a i r c r a f t ' s  s t a b i l i t y  and 
t r i m  drag,  and i n  con junc t ion  with o t h e r  f a c t o r s ,  can r e s u l t  i n  i nc reased  t o t a l  
a i r c r a f t  drag.  The need t o  understand the e f f e c t s  of these i n t e r a c t i o n s  on high- 
performance a i r c r a f t  having complex e x t e r n a l  des ign  c h a r a c t e r i s t i c s  has  p r e c i p i t a t e d  
a wave of t e s t i n g  and a n a l y s i s  ( r e f .  1 ) .  These s t u d i e s  could do two things:  p o i n t  
t o  new d rag  de te rmina t ion  methods, and a i d  i n  t h e  design of more e n e r g y - e f f i c i e n t  
a i r c r a f t .  

To g a t h e r  d a t a  for u s e  wi th  flow i n t e r a c t i v e  s t u d i e s ,  a f l i g h t  r e s e a r c h  program 
cosponsored by NASA and t h e  U.S.  A i r  Force w a s  conducted a t  the  Dryden F l i g h t  
Research F a c i l i t y  of t h e  NASA Ames Research Center  ( A R C ) ,  u s ing  an F-15 a i r p l a n e  
( f i g .  1 ) .  The program w a s  designed t o  compare f l i g h t  and wind-tunnel data for 
i n l e t / a i r f r a m e  i n t e r a c t i o n s  and t o  produce a data base f o r  f u t u r e  s tudy.  The wind- 
t u n n e l  data w e r e  ob ta ined  from tests conducted i n  t h e  14-Foot Transonic Wind Tunnel 
a t  t h e  NASA Ames Research Center  ( r e f .  2). Follow-on tests were conducted by t h e  
A i r  Force F l i g h t  Dynamics Laboratory and the  McDonnell Douglas Corporat ion i n  t h e  
Arnold Engineer ing Development Center (AEDC) 16-Foot Transonic Wind Tunnel ( r e f .  3 . )  

This  report d i s c u s s e s  i n  d e t a i l  t h e  NASA Ames Dryden i n l e t / a i r f r a m e  i n t e r a c t i o n  
program, which w a s  par t  of a l a r g e r  program to  s tudy nozzle-airframe i n t e r a c t i o n s  
(ref.  4 )  and t o  perform an  e x t e n s i v e  engine c a l i b r a t i o n  tes t  ( r e f .  5). The tes t  
c o n d i t i o n s  and t h e  in s t rumen ta t ion  on both the model and t h e  a i rc raf t  are descr ibed.  
F l i g h t  and wind-tunnel i n l e t  d rag  data, der ived by p r e s s u r e  i n t e g r a t i o n  equa t ions ,  
are compared. These, i n  t u r n ,  are compared wi th  t h e  i n l e t  d rag  measured by a f o r c e  
balance on t h e  wind-tunnel model ( f i g .  2). The e f f e c t s  of ang le  of a t t a c k ,  va ry ing  
c a p t u r e  r a t i o s ,  a movable c o w l ,  and o the r  system components on p r e s s u r e  f low f i e l d s  
a long  t h e  a i r f r a m e  are d i scussed .  

NOMENCLATURE 

A 

Ac 

i n l e t  c a p t u r e  as a f u n c t i o n  of p and a, m2 (ft2) 

i n l e t  c a p t u r e  area a = 00 as a f u n c t i o n  of p ,  m2 ( f t 2 )  



Aco 

A0 
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Ao/Ac  

A o / A c o  

A I  

CP 

CPlf 

Cpuf 

C D I P  

CLIP 

Dadd 

FC1, 

Fc ly 

Fcux 

cuY 
F 

FI  

F i  spx 

F i  spy 

Fospx 

FosPY 

FO 

2 

i n l e t  cap tu re  area a = p = 00, m2 ( f t 2 )  

t o t a l  i n l e t  cap tu red  stream-tube area i n c l u d i n g  d u c t  and b l eed  flow, 
m 2  ( f t 2 )  

mass flow r a t io  r e fe renced  t o  i n l e t  c a p t u r e  area as a f u n c t i o n  of p and a 

mass f l o w  ra t io  referenced t o  i n l e t  c a p t u r e  area u = O o  as a func t ion  of p 

mass flow ratio re fe renced  t o  i n l e t  c a p t u r e  area a t  a = p = Oo 

i n l e t  t h r o a t  c a p t u r e  area, m2 ( f t 2 )  

Pm - Pw 

%a 
pressure c o e f f i c i e n t ,  

cPlf - pw 
lower fuse l age  p r e s s u r e  c o e f f i c i e n t ,  

q W  

CPUf - Po2 
upper fuse l age  p r e s s u r e  c o e f f i c i e n t ,  

q W  

i n l e t  d rag  c o e f f i c i e n t  

i n l e t  l i f t  c o e f f i c i e n t  

a d d i t i v e  drag,  de f ined  i n  f i g u r e  I l ( d ) ,  N ( l b )  

a x i a l  f o r c e  component a c t i n g  on l o w e r  c o w l ,  N ( l b )  

normal force component a c t i n g  on l o w e r  cowl, N ( l b )  

a x i a l  f o r c e  component a c t i n g  on upper cowl, N ( l b )  

normal force component a c t i n g  on upper cowl, N ( l b )  

stream t h r u s t  a t  lef t -hand i n l e t  p l a n e  s e c t i o n ,  N ( l b )  

a x i a l  f o r c e  component a c t i n g  on inboard s i d e p l a t e ,  N ( l b )  

normal f o r c e  component a c t i n g  on inboa rd  s i d e p l a t e ,  N ( l b )  

a x i a l  f o r c e  component a c t i n g  on outboard s i d e p l a t e ,  N ( l b )  

normal f o r c e  component a c t i n g  on outboard s i d e p l a t e ,  N ( l b )  

free-stream stream t h r u s t ,  N ( l b )  



Flr,F2r, f o r c e s  a c t i n g  on f i rs t ,  second, and t h i r d  ramps, r e s p e c t i v e l y ,  normal t o  

F3r 

F.S. 

hW 
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Ladd 

MW 
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VO 
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X/L 
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ramp s u r f a c e ,  N ( l b )  

f u s e l a g e  s t a t i o n ,  c m  ( i n )  

t r u e  p r e s s u r e  a l t i t u d e ,  m ( f t )  

l e n g t h  from t i p  of nose t o  end of tai l  boom ( L  = 1890.3 c m  (744.21 i n ) ) ,  
see f i g u r e  8 

a d d i t i v e  l i f t ,  d e f i n e d  i n  f i g u r e  l l ( d ) ,  N ( l b )  

f ree-stream Mach number 

s u r f  ace s t a t i c  p r e s s u r e  , N/m2 ( lb/ f  t2 ) 

f ree-s tream to ta l  p r e s s u r e  , N/m2 ( l b / f  t2 ) 

f ree-stream s ta t ic  p r e s s u r e  , N/m2 ( l b / f  t2 ) 

p u l s e  -code modulation 

f ree-stream dynamic p r e s s u r e ,  N/cm2 ( l b / i n 2  ) 

Reynolds number based on l eng th  of model o r  a i r c r a f t  l eng th  

r o o t  mean square 

free-s t ream v e l o c i t y ,  m/sec ( f t /sec)  

d i s t a n c e  measured from t i p  of a i r c r a f t  nose,  c m  ( i n )  

r a t i o  of d i s t a n c e  back from t i p  of a i r c r a f t ' s  nose t o  L (see f i g .  8 )  

corrected engine a i r f l o w ,  kg/sec ( lb/sec) 

f ree-s tream a n g l e  of a t t a c k  , deg 

free-stream a n g l e  of s i d e s l i p ,  deg 

A I 1 , A g 2 ,  f i r s t ,  second, and t h i r d  ramp a n g l e s  r e l a t i v e  t o  w a t e r l i n e ,  deg 

AI3 

P i n l e t  r o t a t i o n  a n g l e  ( f i g .  3 ( b ) )  
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DESCRIPTION OF APPARATUS 

Airp lane  

The F-15 a i r p l a n e  ( f i g .  3 ( a ) )  i s  a s i n g l e - s e a t ,  high-performance, a l l -weather  
s u p e r i o r i t y  f i g h t e r  a i rcraf t  which has  performance capabili t ies a t  speeds i n  excess 
of Mach 2. The a i r p l a n e  has  twin v e r t i c a l  s t a b i l i z e r s ,  h o r i z o n t a l  s tabi la tors ,  a 
high-mounted swept-back wing, and twin  F100-PW-100 a f t e r b u r n i n g  tu rbofan  engines .  

The i n l e t  system of t h e  F-15 a i r p l a n e  ( f ig .  3 ( b ) )  c o n s i s t s  of t w o  two-  
d imensional ,  e x t e r n a l  compression, h o r i z o n t a l  ramp i n l e t s .  Each i n l e t  has  t h r e e  
ramps mounted i n  an overhead arrangement that  rotates about  a t r a n s v e r s e  h inge  
p o i n t  a t  t h e  lower c o w l  l ip .  Th i s  arrangement provides f o r  a v a r i a b l e  geometr ic  
cap tu re  area. The second and t h i r d  ramps, a long  wi th  t h e  sideplates, are designed 
wi th  porous bleed h o l e s  t o  remove the  lower energy boundary-layer flow. This  f l o w  
is  exhausted through the louvered bleed e x i t s  shown i n  f i g u r e  3 ( c ) .  I n  a d d i t i o n  to  
t h e  louvered b leed  e x i t s ,  a variable bypass door p rov ides  f o r  removal of  l a r g e r  
amounts of air. A t  supe r son ic  speeds, t h e  bypass door i s  modulated to  main ta in  t h e  
proper t h r o a t  Mach number. 

The i n l e t  c o n t r o l  system can be operated from one of t w o  modes. I n  one mode, 
t h e  r o t a t i n g  cowl, i n l e t  ramps, and bypass door are a u t o m a t i c a l l y  p o s i t i o n e d  by t h e  
a i r  i n l e t  c o n t r o l l e r .  The second mode used f o r  t h e s e  tests c o n s i s t e d  of a manual 
i n l e t  c o n t r o l  system t h a t  permitted t h e  p i l o t  t o  set  t h e  i n l e t  geometry t o  any 
desired pos i t i on .  

Wind-Tunnel Model 

The 7.5-percent wind-tunnel model ( r e f .  2 )  i s  both  a f o r c e  and p r e s s u r e  model 
and is a sca l ed  ve r s ion  of t h e  F-15 a i r p l a n e .  The model has  t w o  ba lances :  one t o  
measure fo rces  on t h e  l e f t  i n l e t ,  and one to  measure f o r c e s  on the  e n t i r e  a i r c r a f t  
( f i g .  4 ) .  The metric p o r t i o n  of  t h e  i n l e t  i nc ludes  the upper and l o w e r  cowls p l u s  
both  s i d e p l a t e s .  The model w a s  supported by t w o  flow-through s t i n g  tubes  which 
s e r v e  as i n l e t  mass f low tubes.  

The i n l e t  system on t h e  wind-tunnel model is  shown i n  d e t a i l  i n  f i g u r e  5. I n  
a d d i t i o n  t o  the  bleed system, movable ramps, and c o w l ,  t h e  i n l e t  has  a f i x e d - t h r o a t  
s l o t  bleed/bypass e x i t  . 

Model-to-Airplane Comparison 

For t h e  f l i g h t - t e s t  program, t h e  a i r p l a n e  w a s  ins t rumented  w i t h  p r e s s u r e  o r i f i -  
ces on t h e  l e f t  s i d e  of t h e  f u s e l a g e ,  where much of  t h e  needed in s t rumen ta t ion  w i r -  
i n g  a l r e a d y  ex is ted .  With t h e  except ion  of a f e w  a d d i t i o n a l  p r e s s u r e  orifices on 
t h e  c e n t e r l i n e  of t h e  lower cowl l i p  and i n  t h e  wing root area, t h e  e x t e r i o r  of t h e  
l e f t  s i d e  o f  the a i r p l a n e  w a s  conf igured  to  match t h e  r i g h t  s ide o f  t h e  wind-tunnel 
model ( f i g .  6 )  as c l o s e l y  as possible. To d e f i n e  i n l e t  c o n d i t i o n s  ( r e f .  61, three 
to t a l  p r e s s u r e  probes were i n s t a l l e d  i n  t h e  i n l e t  and w e r e  used i n  a d d i t i o n  t o  t h e  
t o t a l  p r e s s u r e  probe f o r  t h e  a i r  i n l e t  c o n t r o l l e r .  The a i r p l a n e ' s  l e f t -hand  secon- 
d a r y  environmental  c o n t r o l  system (ECS) w a s  covered wi th  a wedge t i p  to  match t h e  
model's boundary-layer d i v e r t e r .  The F-15 a i r p l a n e  has  a noseboom Pi to t - s ta t ic  
probe system ( f i g .  3 ( a ) )  and a variable bypass door ( f i g .  3 ( b ) ) ,  both Of which t h e  
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model lacked. A comparison between t h e  a i r c r a f t ' s  and t h e  wind-tunnel modells bleed 
and bypass systems, which are l o c a t e d  on the  upper c o w l ,  is shown i n  f i g u r e  7. 

Figure 8 is  p resen ted  t o  a i d  i n  t h e  comparison of model and a i r p l a n e  l o c a t i o n s .  
This  f i g u r e  relates major f u s e l a g e  s t a t i o n s  (used i n  wind-tunnel r e p o r t s )  t o  t h e  X/L 
r a t io  used i n  t h i s  r e p o r t .  

INSTRUMENTATION 

To o b t a i n  t h e  same p r e s s u r e  measurements on t h e  F-15 a i r p l a n e  as on t h e  wind- 
t u n n e l  model, over 150 s ta t ic  p r e s s u r e  p o r t s  w e r e  i n s t a l l e d  f o r  t h e  i n l e t / a i r f r a m e  
i n t e r a c t i o n  program. 

P res su re  measurement accuracy was increased by c o n t r o l l i n g  t h e  temperature of 
a l l  p r e s s u r e  t r ansduce r s  and by us ing  a p res su re  r e f e r e n c e  system ( r e f s .  6 and 7 ) .  
All s u r f a c e  ports w e r e  monitored by d i f f e r e n t i a l  p r e s s u r e  t r ansduce r s  having ranges 
of 21.4 N/cm2 (22 l b / i n 2 ) ,  22.8 N/cm2 ( f 4  l b / i n 2 ) ,  and f4.1 N/cm2 ( f 6  l b / i n 2 ) .  
Wind-tunnel d a t a  w e r e  used p r i m a r i l y  i n  t h e  s e l e c t i o n  of t h e s e  p r e s s u r e  t r ansduce r  
ranges with two o b j e c t i v e s  i n  mind: ( 1 )  t o  minimize p r e s s u r e  measurement e r r o r ,  and 
( 2 )  t o  maximize f l i g h t  envelope coverage. The r e f e r e n c e  s i d e  of t h e s e  t r ansduce r s  
w a s  connected to  one of t h r e e  tanks (h igh ,  medium, and l o w ) .  The a b s o l u t e  p r e s s u r e s  
i n  t h e s e  tanks were measured by p r e c i s i o n  d i g i t a l - q u a r t z  p r e s s u r e  t r ansduce r s .  The 
l o w  and medium r e f e r e n c e  p r e s s u r e  source i s  a hemisphe r i ca l  probe ( r e f .  6 )  l o c a t e d  
on t h e  r i g h t  wing f a i r i n g .  The l o w  r e fe rence  p r e s s u r e  tank is  supp l i ed  by fou r  
manifolded s ta t ic  o r i f i c e s  l o c a t e d  90° from t h e  s t a g n a t i o n  port on t h e  hemisphe r i ca l  
s e n s o r ,  while  t h e  medium r e f e r e n c e  tank is  fed by t h e  60° port. The h igh  r e f e r e n c e  
p r e s s u r e  source is a d u c t  s t a t i c  o r i f i c e  near t h e  l e f t  engine compressor f a c e  
( r e f .  6 ) .  The d a t a  were recorded d i g i t a l l y  u s i n g  a pulse-code modulation (pcm) sys- 
t e m ,  and w e r e  both recorded on board and  te lemetered t o  the ground. 

PROCEDURE 

Wind Tunnel Tests 

The model w a s  t e s t e d  i n  t h e  AEDC 16-Foot Transonic  Wind Tunnel t o  o b t a i n  i n l e t  
drag,  l i f t ,  and i n t e r a c t i o n  d a t a  f o r  primary Mach numbers of 0.6, 0.9, 1.2, and 1.5, 
ove r  ang le s  of a t t a c k  from - l o  t o  17O,  and a t  f i v e  basic i n l e t  c o n f i g u r a t i o n s .  
E f f e c t s  on t h e  i n l e t / a i r f r a m e  i n t e r a c t i o n  from i n l e t  r o t a t i o n  ang le ,  second and 
t h i r d  ramp a n g l e s ,  i n l e t  b l eeds ,  i n l e t  mass flow r a t i o ,  Reynolds number, and h o r i -  
z o n t a l  s t a b i l a t o r  ang le  w e r e  determined ( r e f .  3 ) .  

F l i g h t  T e s t s  

From t h e  AEDC wind-tunnel cond i t ions  t e s t e d ,  c e r t a i n  p o i n t s  were s e l e c t e d  t h a t  
w e r e  considered primary f o r  wind-tunnel-to-fl ight comparisons. The basic c o n d i t i o n s  
w e r e  Mach numbers of 0.6, 0.9, 1.2,  and 1.5, and ang le s  of a t t a c k  of Oo, 3O, and 5O. 
These c o n d i t i o n s  were t e s t e d  w i t h  combinations of f i v e  c o w l  a n g l e s  and t h r e e  engine 
power s e t t i n g s  t o  o b t a i n  va r ious  i n l e t  capture  ratios.  A complete l i s t  of d e s i r e d  
test  c o n d i t i o n s  is  contained i n  table 1 of r e fe rence  6. 
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F l i g h t  Conditions.  - A m a j o r i t y  of t h e  primary f l i g h t  p o i n t s  w e r e  flown a t  an  
a l t i t u d e  of approximately 6.1 km (20,000 f t ) ,  a t  Mach numbers of 0.6 and 0.9, and 
a n g l e s  of a t t a c k  of O o ,  3 O ,  and 5O. A few f l i g h t  p o i n t s  w e r e  flown a t  an a n g l e  of 
at tack of 8O and an a l t i t u d e  of approximately 10.7 km (35,000 f t ) .  

Two types of maneuvers w e r e  performed i n  o b t a i n i n g  f l ight- to-wind-tunnel  match 
p o i n t s .  For ang le s  of a t t a c k  nea r  O o ,  a pullup-pushover maneuver w a s  used, whereas 
f o r  t h e  higher  ang le s  of a t t a c k ,  a c o n s t a n t  s u s t a i n e d  t u r n  w a s  performed. 

For m o s t  test  c o n d i t i o n s ,  t h r e e  i n l e t  c a p t u r e  ratios (small, medium, and l a r g e )  
w e r e  d e s i r e d .  
f l o w ;  t h e  denominator w a s  changed wi th  geometric c a p t u r e  area. The p i l o t  would run 
t h e  engines  asymmetrically wi th  t h e  l e f t  power l e v e r  ang le  a t  e i t h e r  i d l e ,  80 per- 
c e n t ,  o r  m i l i t a r y  power, while  t h e  r i g h t  engine w a s  se t  to  maintain f l i g h t  condi- 
t i o n s .  Figure 9 shows engine a i r f l o w  as a f u n c t i o n  of Mach number f o r  two engine 
power s e t t i n g s  - i d l e  and m i l i t a r y .  Over t h e  subsonic  Mach number range, a v a r i e t y  
of engine a i r f l o w s  are a v a i l a b l e .  

The numerator of t h e  r a t i o  w a s  changed by va ry ing  t h e  engine mass 

A t  t h e  higher  Mach numbers (1.2 and 1.51, which w e r e  flown a t  approximately 
9.1 km (30,000 f t ) ,  t h e  r p m  lockup l i m i t e d  t h e  a i r f l o w  range and, hence, t h e  range 
of c a p t u r e  r a t i o s  ( f i g .  9). 
c a p t u r e  r a t i o  by performing level d e c e l e r a t i o n s  through M, = 1.2, a t  reduced power 
s e t t i n g s .  
t h e  rpm lockup which p reven t s  i n l e t  buzz. 

An a t t empt  w a s  made a t  M, = 1.2 to  expand t h e  i n l e t  

For t h e  M, = 1.5 t e s t  cond i t ion ,  on ly  one a i r f l o w  is  p o s s i b l e ,  because of 

Uplink. - E s t a b l i s h i n g  a f l i g h t  p o i n t  t o  match a p a r t i c u l a r  wind-tunnel condi- 
t i o n  r equ i r ed  more than  s t anda rd  in s t rumen ta t ion  and f l i g h t  techniques ( r e f s .  8 
and 9). A s p e c i a l  i n s t rumen t  u s i n g  two sets of n u l l i n g  c r o s s  p o i n t e r s  w a s  added t o  
permit t h e  p i l o t  to  f l y  a l t i t u d e  and angle  of a t t a c k  s imultaneously.  Th i s  i n s t r u -  
ment o p e r a t e s  as follows: I n d i c a t e d  a n g l e  of a t t a c k  and a l t i t u d e  are t r a n s m i t t e d  
( a long  wi th  o t h e r  pa rame te r s )  from t h e  a i r p l a n e  t o  t h e  c o n t r o l  room, where they  are 
computer co r rec t ed  and compared wi th  values  i n p u t  by t h e  f l i g h t  c o n t r o l l e r .  The 
d i f f e r e n c e s  between t h e  d e s i r e d  and a c t u a l  values  are then  t r a n s m i t t e d  (up l inked)  
back to  t h e  a i r c r a f t  d i s p l a y  d i a l .  I n  a d d i t i o n ,  f l i g h t  and p r e s s u r e  senso r  param- 
eters w e r e  d isplayed i n  t h e  ground s t a t i o n  on s t r ip  c h a r t s  and on cathode r a y  tube 
(CRT) d i s p l a y s .  

Tolerances.  - Immediately fol lowing completion of a maneuver, t h e  d e c i s i o n  w a s  
made whether t o  r e p e a t  t h e  f l i g h t  p o i n t  based on a s e n s i t i v i t y  a n a l y s i s  of t h e  i n l e t  
d r a g  and l i f t  equat ions.  P e r t u r b a t i o n s  of t h e s e  equa t ions  u s i n g  inc remen ta l  va lues  
of f l i g h t  parameters showed t h a t  i n l e t  d rag  and l i f t  w e r e  q u i t e  s e n s i t i v e  t o  ang le  
of a t t a c k  and, t o  a lesser degree,  t o  Mach number and free-s t ream s t a t i c  p r e s s u r e  
( a l t i t u d e  1.  The s tudy e s t a b l i s h e d  t h e  fo l lowing  as accep tab le  t o l e r a n c e s  i n  t h e  
f l i g h t  parameters : 

a, deg . . . . . 20.25 
B, deg . . . . kO.25 
M, e 20.01 

Reynolds Number. - It w a s  n o t  p o s s i b l e  t o  match Reynolds numbers, s i n c e  t h e  
wind-tunnel values were s i g n i f i c a n t l y  lower than t h e  f l i g h t  va lues  ( f i g .  10).  Most 
of t h e  wind-tunnel runs w e r e  a t  t h e  primary Reynolds number of 12 m i l l i o n .  The 
f l i g h t  Reynolds numbers ranged from 150 m i l l i o n  t o  280 m i l l i o n .  

6 



DATA ANALYSIS 

Equations Used 

Wind-Tunnel Appl ica t ion .  - I n l e t  d rag  and l i f t  i n  t h i s  r e p o r t  a r e  plot ted as a 
f u n c t i o n  of t h e  i n l e t  v a r i a b l e  cap tu re  r a t i o ,  Ao/A. F igure  l l ( a )  shows t h e  rela- 
t i o n s h i p  of cap tu red  stream t u b e  areas t o  the geometric cap tu re  a r e a  f o r  t h e  F-15 
i n l e t .  

The d e f i n i n g  equa t ions  f o r  i n l e t  d rag  a r e  shown i n  f i g u r e  l l ( b )  and a r e  d i s -  
cussed  i n  de t a i l  i n  r e f e r e n c e  3.  In  general ,  t h e  t o t a l  i n l e t  d rag  is t h e  sum of 
t h e  a x i a l  p r e s s u r e  f o r c e s  a c t i n g  over  t h e  e x t e r n a l  i n l e t  s u r f a c e s  (upper  and lower 
c o w l s ,  p l u s  inboard  and outboard  s i d e p l a t e s ) ,  p l u s  t h e  p r e s s u r e  f o r c e  a c t i n g  on t h e  
unbound cap tu red  stream tube  ( a d d i t i v e  drag) between the  f ree-s t ream c o n d i t i o n s  and 
t h e  i n l e t - l i p  cond i t ions  (momentum change). 

F igu re  l l ( c )  i l l u s t r a t e s  t h e  r e l a t i o n s h i p  of t h e  c o n t r o l  volume and i n l e t .  The 
f i g u r e  a l s o  p r e s e n t s  a d e t a i l e d  breakdown of t h e  b a s i c  i n l e t  d rag  and l i f t  equa t ions  
and g ives  t h e  r e l a t i o n s h i p  of the a d d i t i v e  d rag  and l i f t  t e r m s  t o  t h e s e  equat ions .  
A l l  t h e  components of f o r c e  are re so lved  p a r a l l e l  t o  t h e  l o c a l  f low c o n d i t i o n s  by 
t h e  s i n  a and cos a t e r m s .  

The a d d i t i v e  d rag  and l i f t  t e r m s  a r e  composed of the normal f o r c e s  on t h e  t h r e e  
ramps, and t h e  free-stream and in l e t -p l ane  stream t h r u s t  ( f i g .  l l ( d ) ) .  The f r e e -  
stream s t r e a m ' t h r u s t  (Fo) t e r m  has e i g h t  p a r t s  which account f o r  a l l  t h e  p o s s i b l e  
a i r f l o w s .  The parts of the a i r f l o w  are engine, f i v e  b leeds  (second and t h i r d  ramps, 
inboard  and outboard,  and t h r o a t  s l o t ) ,  bypass door, and leakage. 

F l i g h t  Appl ica t ion .  - The i n l e t  f low equat ions  involve  momentum t e r m s ,  free- 
stream flow q u a n t i t i e s ,  and pressures. To handle  t h e s e  terms,  f l ight-measured par -  
ameters w e r e  s u b s t i t u t e d  i n t o  t h e  wind-tunnel equat ions .  Fo r  example, c a l i b r a t e d  
engine  airflow ( r e f .  5 )  was s u b s t i t u t e d  f o r  t h e  wind-tunnel c a l i b r a t e d  nozz le  air- 
flow. Corrected a i r - d a t a  q u a n t i t i e s  f r o m  t h e  c a l i b r a t e d  P i t o t - s t a t i c  probe on t h e  
noseboom w e r e  used f o r  free-stream Mach number ( M o o ) ,  f ree-s t ream s ta t ic  p r e s s u r e  
(pool, and f ree-s t ream t o t a l  p r e s s u r e  (Po) i n  t h e  equat ions .  Corrected ang le  of 
attack (a) and ang le  of s i d e s l i p  (6) were t aken  f r o m  t h e  vanes on t h e  noseboom. 

Data Se lec t ion  

F l i g h t  data a r e  recorded onboard and i n  t h e  ground s t a t i o n  and then  are proc- 
essed on a CDC CYBER 7 3  computer, a t  which t i m e  a l l  c o r r e c t i o n s  (such a s  p r e s s u r e  
t r a n s d u c e r  ze ros  and a i r - d a t a  c o r r e c t i o n s  from i n d i c a t e d  t o  t r u e )  a r e  made. The 
d a t a  are run  through t h e  wind-tunnel equat ions  t o  c a l c u l a t e  i n l e t  d rag  and l i f t .  A 
10-sec i n t e r v a l  of semisteady cond i t ions  is t h e n  s e l e c t e d  t o  match the  wind-tunnel 
p o i n t  f o r  a n g l e s  of attack and s i d e s l i p ,  Mach number, c o w l  ang le ,  and t h i r d  ramp 
angle .  For t h e  f i n a l  d a t a ,  a 1-sec t i m e  p o i n t  i s  s e l e c t e d  from t h e  10-sec i n t e r v a l  
based on s e n s i t i v i t y  a n a l y s i s .  
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ACCURACY 

Surface-Pressure D i s t r i b u t i o n  

This  s e c t i o n  of t h e  r e p o r t  i l l u s t r a t e s  a few s e l e c t e d  e f f e c t s  of f low i n t e r a c -  
t i o n  a long  t h e  l e f t  s i d e  of  t h e  a i r c r a f t .  Figure 13 shows p r e s s u r e  changes a long  
t h e  upper and lower s u r f a c e s  of t h e  a i r c r a f t  a t  a f l i g h t  cond i t ion  where Ma = 0.9, 

a = 3O, and p = O o .  These changes are t h e  r e s u l t  of t h e  varying amounts of  spi l -  
l age  a i r  t h a t  r e s u l t  from running t h e  engine a t  t h e  t h r e e  s e t t i n g s  ( i d l e ,  80 per- 
c e n t ,  and m i l i t a r y ) .  Large v a r i a t i o n s  i n  C as a f u n c t i o n  of X/L e x i s t  over  t h e  
forward p o r t i o n  of t he  lower cowl ( f i g .  1 3 ( a ) ) .  Pressure  c o e f f i c i e n t s  on t h e  l o w e r  
c o w l  l i p  (x /L = 0.402) vary  widely wi th  m a s s  f low changes ( f i g .  1 3 ( a ) )  and a l s o  wi th  
o t h e r  parameters ( r e f .  1 0 ) .  These v a r i a t i o n s  i n  C dec rease  r a p i d l y  wi th  inc reas -  
i n g  x/L i n  both the  wind-tunnel and f l i g h t  d a t a .  Over t h e  upper s u r f a c e  ( f i g .  1 3 ( b ) ) ,  
less v a r i a t i o n  with power s e t t i n g s  is noted. The v a r i a t i o n  i n  C a t  X/L = 0.476 
r e s u l t s  from t h e  f a c t  t h a t  t h e  o r i f i c e  on t h e  a i r c r a f t  is  loca ted  j u s t  a f t  of t h e  
open bypass door b leed  ( f i g .  7 ) .  The l o c a t i o n  of t he  metric break on the  wind-tunnel 
model i s  shown i n  f i g u r e  1 3  f o r  r e fe rence .  The t r ends  and t h e  l e v e l s  of t h e  d a t a  
are  s imi l a r  t o  values found a t  o t h e r  f l i g h t  cond i t ions  ( r e f s .  6 and 1 0 ) .  

P l f  

P l f  

Puf 

F igure  14 i l l u s t r a t e s  t he  v a r i a t i o n s  i n  CPlf and C wi th  X/L f o r  two cowl Puf 
angles  ( p  = 4O and 7') a t  Moo = 0.9, a = 3 O ,  and a m i l i t a r y  p o w e r  engine  s e t t i n g .  
S t a r t i n g  nea r  the l ead ing  edge of t h e  lower cowl l i p ,  va lues  of C are a f f e c t e d  
by r o t a t i o n  of t h e  upper cowl ( f i g .  1 4 ( a ) ) .  With i n c r e a s i n g  va lues  of X/L, t h e  
pressures reach  a minimum near  X/L = 0.418 and then r e t u r n  t o  nea r  f ree-s t ream con- 
d i t i o n s  over  most of  t h e  lower fuse l age .  Downstream of t h e  lower cowl area, t h e  
e f f e c t s  from cowl r o t a t i o n  are minimal  ( f i g .  1 4 ( a )  and r e f .  1 0 ) .  Near t h e  lef t -hand 
nozzle  area, t h e  f l ight-measured pressures became more negat ive  aga in .  On t h e  upper 
s u r f a c e  ( f i g .  1 4 ( b ) ) ,  except  f o r  t h e  leading-edge o r i f i c e  (X/L = 0.303) and t h e  o r i -  
f i c e  a f t  of t h e  bypass  door b leed  ( x / L  = 0.476),  cowl-angle e f f e c t s  w e r e  n o t  l a r g e .  
Downstream of the upper cowl t h e  e f f e c t s  of a v a r i a b l e  cowl ang le  w e r e  n o t  ev iden t ,  

P l f  

I 

Uncer t a in t i e s  i n  t h e  c a l c u l a t e d  d a t a  were a s ses sed  p a r t i a l l y  on t h e  b a s i s  of 
c a l i b r a t i o n s  of t h e  wind tunne l  ( r e f .  3 )  and from r e s u l t s  of  t h e  l a b o r a t o r y  c a l i b r a -  
t i o n  of  the approximately 150 t r ansduce r s  used t o  measure s u r f a c e  pressures. 

I n  a d d i t i o n ,  the accuracy of t h e  a i r - d a t a  parameters , needed t o  c a l c u l a t e  i n l e t  
d rag  and l i f t ,  was assessed  based on (a) t h e  l a b o r a t o r y  c a l i b r a t i o n s  of t h e  a i r - d a t a  
t r ansduce r s  and ( b )  a n a l y s i s  of t h e  data from s e v e r a l  ded ica t ed  a i r s p e e d  c a l i b r a t i o n  
f l i g h t s .  From these  tests and from an  error a n a l y s i s  s tudy  prepared  by McDonnell 
A i r c r a f t  Company f o r  Ames Dryden (see appendix) ,  f i g u r e  12 and table 1 w e r e  prepared.  
F igure  1 2 ( a )  relates u n c e r t a i n t i e s  i n  t h e  va lues  of Cp measured on t w o  impor tan t  
areas used t o  c a l c u l a t e  i n l e t  d rag  and l i f t  ( t h a t  is ,  upper and l o w e r  cowls) ,  over 
t h e  f l i g h t  range of dynamic p res su res .  
from f l i g h t  da t a  approach t h e  20.005 wind-tunnel accuracy ( r e f .  3 )  on ly  f o r  
s, > 4 N / c m 2  ( l b / i n 2 ) .  
f l i g h t  d a t a  (app.) is p l o t t e d  as a func t ion  of Ma. 

t unne l  u n c e r t a i n t i e s  shown i n  t a b l e  1 (ref.  3 )  and from d a t a  from t h e  appendix. 

The f i g u r e  shows t h a t  t h e  Cp va lues  de r ived  

I n  f i g u r e  1 2 ( b )  , a 2a u n c e r t a i n t y  i n  i n l e t  d rag  and l i f t  from 
This  may be compared t o  wind- 



excep t  near  t h e  lef t -hand nozzle  (X/L = 0.878). These e f f e c t s  of cowl ang le  on 
p r e s s u r e s  i n  the nozzle  area w e r e  found t o  e x i s t  a lmost  t o  t h e  end of t he  nozzle 
( r e f .  10) .  A s  i n  t h e  p rev ious  f i g u r e ,  wind-tunnel and f l i g h t  d a t a  show good agree-  

I ment i n  most areas. 

F igu re  15  i l l u s t r a t e s  t h e  v a r i a t i o n s  i n  C and C w i t h  X/L f o r  two a n g l e s  of P l f  Puf 
a t t a c k  (a = Oo and 5 O )  a t  M, = 0.9, p = 00, and a m i l i t a r y  p o w e r  engine s e t t i n g .  In  
c o n t r a s t  w i th  t h e  p rev ious  f i g u r e  where the e f f e c t s  of p w e r e  n o t  sensed over  much 
of t h e  mid and a f t  areas of the  a i r c r a f t  ( f i g .  1 4 ) ,  p r e s s u r e s  va r i ed  wi th  a over  t h e  
e n t i r e  a i r c r a f t  ( f i g s .  15(a)  and ( b ) ) .  Large v a r i a t i o n s  i n  p r e s s u r e s  w e r e  found 
nea r  t h e  l e a d i n g  edges,  while  s m a l l  ones were found t o  e x i s t  near t h e  nozzle. Wind- 
t u n n e l  and f l i g h t  d a t a  agreed w e l l  over  much of t he  range. 

I n  a d d i t i o n  t o  t h e  i n t e r a c t i o n  e f f e c t s  from changes i n  mass flow ( f i g .  1 3 ) ,  
c o w l  ang le  ( f i g .  141, and ang le  of a t t a c k  ( f i g .  1 5 ) ,  many o t h e r  v a r i a b l e s  can 
a f f e c t  p r e s s u r e s  around t h e  a i r c r a f t .  For example, t h e  e f f e c t s  r e s u l t i n g  from or i -  
f ice  l o c a t i o n  o r  a change i n  s i d e s l i p  were examined i n  r e f e r e n c e  6, and r e f e r e n c e  10 
c o n t a i n s  forebody, boundary-layer d i v e r t e r ,  and nozzle  i n t e r a c t i o n  d a t a .  Although 
o t h e r  areas of t h e  a i r c r a f t  could be s tud ied ,  t h e  d a t a  i n  t h e  p rev ious  f i g u r e s ,  
a long  wi th  r e f e r e n c e s  3, 6, and 10, p r e s e n t  a s i z a b l e  cross s e c t i o n  of r e s u l t s .  

I I n l e t  Drag and L i f t  

The preceding a n a l y s i s  of f l ow- f i e ld  i n t e r a c t i o n s  around t h e  i n l e t  and a long  
the  f u s e l a g e  r ep resen ted  on ly  a p a r t  of t h i s  s tudy.  The o t h e r  p o r t i o n  c o n s i s t e d  
of t h e  c o r r e l a t i o n  of f l i g h t  and wind-tunnel va lues  of i n l e t  d rag  and l i f t  ob ta ined  
by p r e s s u r e  i n t e g r a t i o n s .  From these  comparisons, t h e  f e a s i b i l i t y  and accuracy of 
u s i n g  t h e  p r e s s u r e  i n t e g r a t i o n  technique t o  determine i n l e t  d rag  and l i f t  from 
f l i g h t  data may be a s ses sed .  I n  add i t ion ,  t h e s e  comparisons, a long wi th  o t h e r  
f l i g h t  and wind-tunnel s t u d i e s  ( r e f s .  11 and 121, can g i v e  i n s i g h t  i n t o  s p i l l a g e -  
d r a g  e f f e c t s .  

F igu re  16 shows t h e  v a r i a t i o n  of i n l e t  d r a g  (CDIP) and l i f t  ( C L I P )  as a f u n c t i o n  
of Ao/A a t  M, = 0.6, 0.9, 1.2, and 1.5 f o r  p = Oo and A'3 = 11.2O. 
compares t h e  f l i g h t  and wind-tunnel c a l c u l a t i o n  of t o t a l  i n l e t  d r a g  and l i f t  a t  
M, = 0.6 and a = O O .  The p res su re - in t eg ra t ed  d rags  show reasonable  agreement wi th  
each o t h e r  and wi th  t h e  force-balance drag for  l o w  i n l e t - c a p t u r e  r a t i o s .  A t  t h e  
h i g h e r  i n l e t - c a p t u r e  r a t i o ,  t h e  p re s su re - in t eg ra t ed  drags d i f f e r  cons ide rab ly  from 
t h e  force-balance drag. This  anomaly may be t h e  r e s u l t  of i n a b i l i t y  of t he  p r e s s u r e  
i n t e g r a t i o n  technique t o  account  f o r  s ta t ic  p r e s s u r e  o r  flow a n g u l a r i t y  g r a d i e n t s  i n  
t h e  i n l e t  p l ane ,  e s p e c i a l l y  a t  t h e  lower Mach numbers ( r e f .  3 ) .  The p res su re -  
i n t e g r a t e d  d a t a  w e r e  f a i r e d  f o r  ease of comparison wi th  t h e  force-balance d a t a  and 
t h e  two-dimensional p o t e n t i a l  f low curve (ref. 3 ) .  I n l e t  l i f t  shows good agreement 
among a l l  t h r e e  sou rces .  I n  f i g u r e  1 6 ( b ) ,  f o r  M, = 0.9, there is  improved agreement 
among a l l  t h r e e  s o u r c e s  of i n l e t  drag.  This is a t t r i b u t e d  t o  t h e  reduced t u r n i n g  of 
t h e  f low a t  t h e  i n c r e a s e d  Mach number. I n l e t  lift showed more scatter f o r  t h i s  con- 
d i t i o n .  
s o n i c  Mach numbers (1.2 and 1.5) f o r  both CDIP and CLIP. For t h e s e  c o n d i t i o n s ,  on ly  
one f l i g h t  p o i n t  w a s  possible because of the  engine l i m i t a t i o n s  d i scussed  i n  t h e  
PROCEDURE s e c t i o n .  I n  all f o u r  parts of this f i g u r e ,  the e f f e c t s  of i nc reased  sp i l -  
l a g e  d rag  wi th  d e c r e a s i n g  v a l u e s  of Ao/A can be noted. A de te rmina t ion  of t h e  abso- 
l u t e  magnitude of s p i l l a g e  d r a g  i s  n o t  poss ib l e  s i n c e  va lues  of Ao/A never reached 
a "no-sp i l l "  cond i t ion .  

Figure 1 6 ( a )  

Good agreement between f l i g h t  and wind-tunnel d a t a  w a s  found a t  t h e  super-  
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Figure 17 shows t h e  v a r i a t i o n  of C D I P  and CLIP wi th  Moo f o r  a = 0 0  and 50, res- 
p e c t i v e l y ,  and f o r  p = O o .  The f l i g h t  and wind-tunnel data show reasonable  agree-  
ment, and i l l u s t r a t e  i n c r e a s i n g  i n l e t  d rag  and l i f t  w i t h  i n c r e a s i n g  M,. F igure 18 
p r e s e n t s  t h e  v a r i a t i o n  of i n l e t  d r a g  ( f i g .  1 8 ( a ) )  and l i f t  ( f i g .  1 8 ( b ) )  w i th  a f o r  
p = O o  a t  M, = 0.6 and 1.5, r e s p e c t i v e l y .  
t r e n d s  and, t o  a lesser degree i n  t h e  l i f t  curves ,  are noted ove r  t h e  a range. I n  
f i g u r e  19 t h e  v a r i a t i o n  of CDIP and CLIP  w i th  p a t  Moo = 0.6 and a = 00 i s  p resen ted .  
A "dip" i n  i n l e t  d rag  is p r e s e n t  i n  a l l  t h r e e  methods a t  p = 4 O .  The same t r e n d  w a s  
found i n  the wind-tunnel d a t a  f o r  o t h e r  va lues  of M, and a ( r e f .  3 ,  p. 3 3 ) .  
l i f t  shows l i t t l e  v a r i a t i o n  wi th  p from - 4 O  t o  + 4 O .  Some i n c r e a s e  i n  l i f t  coef- 
f i c i e n t  becomes ev iden t  f o r  p > 4 O .  

General ly  good agreement i n  t h e  d rag  

I n l e t  

I The preceding f o u r  f i g u r e s  have p resen ted  a b r i e f  overview of r e l a t i o n s h i p s  of 
i n l e t  d r a g  and l i f t  w i th  s e v e r a l  o t h e r  parameters: namely, Ao/A, M,, a, and p .  I n  
g e n e r a l ,  u s i n g  t h e  p r e s s u r e  i n t e g r a t i o n  technique,  t h e  agreement between t h e  f l i g h t  
and wind-tunnel va lues  of C D I P  and CLIP  w a s  + l o  counts  and f 2 0  coun t s  or better,  
r e s p e c t i v e l y .  

~ 

I CONCLUDING REMARKS 

The NASA Ames Dryden i n l e t / a i r f r a m e  i n t e r a c t i o n  program h a s  f u l f i l l e d  i t s  basic 
o b j e c t i v e s .  
f l i g h t .  
compared and analyzed f o r  s e v e r a l  areas. 

t o  f l i g h t  t e s t i n g .  
program has  r e s u l t e d  i n  the fo l lowing  conclusions:  

Surface p r e s s u r e  c o e f f i c i e n t s  w e r e  measured and matched, wind t u n n e l  t o  
I n t e r a c t i o n  e f f e c t s  determined from f l i g h t  and wind-tunnel data have been 

Wind-tunnel p r e s s u r e  i n t e g r a t i o n  tech-  

Analysis of data taken du r ing  t h e  i n l e t / a i r f r a m e  i n t e r a c t i o n  
I n iques  f o r  measuring and c a l c u l a t i n g  i n l e t  d rags  and l i f t s  w e r e  s u c c e s s f u l l y  adapted 

1. I n  general ,  m o s t  of t h e  f l i g h t  and wind-tunnel s u r f a c e  p r e s s u r e  c o e f f i c i e n t s  
ag reed  t o  w i t h i n  20.01 t o  f0.05. 

2. P re s su re  i n t e g r a t i o n  t echn iques  and equa t ions  used f o r  wind-tunnel t e s t i n g  
w e r e  s u c c e s s f u l l y  employed du r ing  t h e  f l i g h t - t e s t i n g  program f o r  i n l e t  d r a g  
and l i f t  determinat ion.  

3 .  Pressu re - in t eg ra t ed  v a l u e s  of i n l e t  d r a g  and l i f t  were d e r i v e d  from f l i g h t  
data and v e r i f i e d  t h e  wind-tunnel v a l u e s  t o  w i t h i n  210 counts  or better f o r  
i n l e t  drag and t o  w i t h i n  220 counts  o r  better f o r  i n l e t  l i f t .  

4.  A s  w i th  the wind-tunnel data, t h e  f l i g h t  i n l e t  d r a g  from p r e s s u r e  i n t e g r a -  
t i o n  d i d  no t  ag ree  wi th  t h e  wind-tunnel force-balance measurements of d r a g  
f o r  c e r t a i n  cond i t ions  a t  a Mach number of 0.6. The d i f f i c u l t y  i n  d e f i n i n g  
t h e  flow c o n d i t i o n s  a t  t h e  i n l e t  e n t r a n c e  p l a n e  i s  t h e  p robab le  cause. 

Ames Research Center 
Dryden Fl ight  Research F a c i l i t y  

I Na t ioml Aerona u t ics a n3 Space Admi n i s  t ra t i o n  
Edwards, C a l i f o r n i a ,  March 4 ,  1983 
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APPENDIX - ERROR ANALYSIS 

An i n c r e a s e d  understanding of t h e  d rag  and l i f t  d a t a  is provided by i n c l u s i o n  
o f  s e l e c t e d  segments from t h e  error a n a l y s i s  s t u d y  performed by McWnnell A i r c r a f t  
Company f o r  NASA Ames Dryden. 

Nineteen f l i g h t  and wind-tunnel combinations w e r e  used as r e p r e s e n t a t i v e  condi- 
t i o n s  t o  perform t h e  e r r o r  a n a l y s i s .  u n c e r t a i n t i e s  i n  engine a i r f l o w ,  ang le  of 
a t t a c k ,  i n l e t  c o w l  ang le ,  t o t a l  and s t a t i c  p r e s s u r e s ,  a long  wi th  t h e  measurement 
u n c e r t a i n t i e s  i n  t h e  p r e s s u r e  t r a n s d u c e r s ,  were used i n  t h e  i n l e t  i n t e g r a t i o n  equa- 
t i o n s  f o r  t h e  s tudy .  The mathematical  model used f o r  t h e  e r r o r  a n a l y s i s  s t u d y  can  
be desc r ibed  as a propagat ion-of-errors  procedure (ref. 13) .  

For t h e  f l i g h t  tes t  r e s u l t s ,  t h e  major c o n t r i b u t o r s  t o  t h e  errors i n  i n l e t  d r a g  
and l i f t  are as fo l lows  ( i n  g e n e r a l  o r d e r  of s i g n i f i c a n c e ) :  f ree-s t ream s t a t i c  
p r e s s u r e ,  ang le  of a t t a c k ,  i n l e t  p l ane  t o t a l  p r e s s u r e ,  f ree-s t ream t o t a l  p r e s s u r e ,  
and engine a i r f l o w .  

For t h e  r e s u l t s  from t h e  AEDC 16-Foot Transonic Wind Tunnel, t h e  major con t r ibu -  
t o r s  t o  t h e  errors i n  i n l e t  d rag  and l i f t  a re  as fo l lows  ( i n  g e n e r a l  o r d e r  of s i g n i -  
f i c a n c e )  : f r e e - s  tream s t a t i c  p r e s s u r e ,  engine a i r f l o w ,  f ree-s t ream t o t a l  p r e s s u r e  , 
i n l e t  p l ane  to ta l  p r e s s u r e ,  and a n g l e  of a t t a c k .  

M o s t  of the t r e n d s  i n  t h e  i n l e t  d rag  and lift l e v e l s  compare w e l l  between f l i g h t  
t es t  and wind-tunnel r e s u l t s ,  even though the computed u n c e r t a i n t i e s  f o r  t h e  f l i g h t  
t e s t  p o i n t s  are abou t  an o r d e r  of magnitude g r e a t e r  t han  f o r  t h e  small-scale model 
d a t a .  A r e p r e s e n t a t i v e  sample of the trends i n  i n l e t  d rag  and l i f t  u n c e r t a i n t i e s  
is  shown i n  f i g u r e  20. The f i g u r e  relates f 2 a  u n c e r t a i n t i e s  i n  i n l e t  d rag  and l i f t  
as a f u n c t i o n  of Mach number f o r  a = p = O o .  In t h i s  f i g u r e  and f i g u r e  21,  t h e  wind- 
t u n n e l  force-balance data s e r v e  as a s tandard with which the  p r e s s u r e - i n t e g r a t e d  
d a t a  are compared. In f i g u r e  2 0 ( a )  t h e  decreasing e f f e c t  of f ree-s t ream s ta t ic  
p r e s s u r e  u n c e r t a i n t y  ( r e p r e s e n t e d  by Mach number) on i n l e t  d r a g  i s  i l l u s t r a t e d .  
S t a r t i n g  wi th  a l a r g e  f2a u n c e r t a i n t y  a t  U, = 0.6, t h e  force-balance and p res su re -  
i n t e g r a t e d  f l i g h t  data ag ree  c l o s e l y  a t  M, = 1.5. 
noted i n  f i g u r e  2 0 ( b ) .  

A similar t r e n d  f o r  i n l e t  l i f t  is  

Figure 21 i l l u s t r a t e s  t h e  v a r i a t i o n  of C D I P  and CLIP with ang le  of a t t a c k  f o r  
Also shown is a f 2 a  e r r o r  band a s s o c i a t e d  with an angle-of- M, = 0.6 and p = Oo. 

a t t a c k  u n c e r t a i n t y  of 20.5' (assumed f o r  e r r o r  a n a l y s i s ) .  
t u n n e l  p r e s s u r e - i n t e g r a t e d  d r a g  p o i n t s  agree,  b u t  t h e  force-balance-measured i n l e t  
d r a g  f a l l s  o u t s i d e  of t h e  f 2 0  u n c e r t a i n t y  band f o r  the t w o  h ighe r  a n g l e s  of a t t a c k  
o f  5 O  and 8 O ,  r e s p e c t i v e l y .  As wi th  CDIP, t h e  p re s su re - in t eg ra t ed  va lues  of f l i g h t  
and wind-tunnel CLIP  d a t a  f a l l  w e l l  i n s i d e  t h e  f 2 a  band. 
t h e  force-balance d a t a  f o r  CLIP f e l l  outs ide the u n c e r t a i n t y  band a t  a = 5O and 8O. 

The f l i g h t  and wind- 

However, j u s t  as f o r  CDIP,  

This  g e n e r a l  agreement i n d i c a t e s  that  reasonably a c c u r a t e  i n l e t  d rag  can be 
o b t a i n e d  by p r e s s u r e  i n t e g r a t i o n  methods. I t  should be noted,  however, t h a t  c a r e f u l  
c o n s i d e r a t i o n  must be g iven  to  t h e  pressure in s t rumen ta t ion  l o c a t i o n s  and t o  t h e  
area assignments.  

In  summary, t h e  e r r o r  a n a l y s i s  showed t h a t  t h e  u n c e r t a i n t y  i n  t h e  F-15 p res su re -  
i n t e g r a t e d  i n l e t  d r a g  d a t a  f r o m  f l i g h t - t e s t  r e s u l t s  ranges from f0.0003 to  fO.0010 
(20  i n  CDIP) compared to  f0.0007 f o r  small-scale wind-tunnel tes t  r e s u l t s .  
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The unce r t a in ty  i n  t h e  F-15 pres su re - in t eg ra t ed  i n l e t  l i f t  from f l i g h t - t e s t  
r e s u l t s  ranges from *0.0004 t o  k0.0022 (20 i n  CLIP) compared t o  +O.oooi f o r  wind- 
tunne 1 tes t  r e s u l t s  . 

The i n l e t  d rag  and lift l e v e l s  and t r e n d s  obta ined  from f l i g h t  tests and wind- 
t u n n e l  tests compared reasonably  w e l l  over  a w i d e  range o f  tes t  cond i t ions .  

I n l e t  d rag  and l i f t  u n c e r t a i n t i e s  i n c r e a s e  wi th  a l t i t u d e  and ang le  of a t t a c k ;  
t h e  u n c e r t a i n t i e s  dec rease  wi th  i n c r e a s i n g  Mach number and mass f low ra t io .  

The i n l e t  drag u n c e r t a i n t y  can be reduced i n  f l i g h t  tests by a c q u i r i n g  data a t  
h igh  dynamic pressure  cond i t ions  ( t h a t  is, a t  minimum allowable a l t i t u d e  f o r  a g iven  
f l i g h t  cond i t ion )  . 

For t h e  f l i g h t - t e s t  r e s u l t s ,  t h e  f ree-s t ream s ta t ic  p r e s s u r e  and angle-of - a t t ack  
measurements are t y p i c a l l y  t h e  major c o n t r i b u t o r s  to  t h e  i n l e t  d rag  unce r t a in ty .  
Because of t h e  use  of d i f f e r e n t i a l  p re s su re  t r ansduce r s ,  t h e  r e f e r e n c e  p res su re  
measurement can a lso become a s i g n i f i c a n t  c o n t r i b u t o r  to  t h e  p re s su re - in t eg ra t ed  
i n l e t  force unce r t a in ty .  

Addi t ive  (spi l lage)  and l o w e r  cowl d rag  forces are t h e  most s i g n i f i c a n t  compo- 
n e n t s  of the i n l e t  d rag .  The u n c e r t a i n t y  i n  t h e  a d d i t i v e  d rag  components is the 
largest con t r ibu to r  t o  t h e  t o t a l  drag  u n c e r t a i n t y .  

1 2  
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Technique 
( source 1 

Pressure 
integration 
(flight 1 

Pressure 
integration 
(wind tunnel) 

Force balance 
(wind tunnel, 
ref. 3 )  

ECN 9325 

F i g u r e  1. F-15 a i r p l a n e  i n  f l i g h t .  

CDIP CLIP 
'm a, deg CP 

0.6 to 1.5 0 0  to 80 f0.01 to f0.05" +3 x 10-4 to 24 x lo"+ to 
+ i o  x 10-4 +22 x 10-4 

0.6 to 1.5 Oo to 5 O  --- +0.7 x 10-4 f i  x 10-4 

0.9 50 0.005 + 3  x 10-4 26 X loe4  
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F i g u r e  2 .  
AEDC 1 6 - F m t  Transonic W i r d  T u m l .  

S m a l l - s c a l e  (7.5-percent) inlet model i n  

1 
Y Y "  

A 

p--1943.10 (63.75) -j 
( a )  Three-view drawing .  D i m e n s i o n s  
are i n  centimeters ( f e e t ) .  

F i g u r e  3 .  F - 1 5  a i r p l a n e  an3 in le t .  
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Second and thl& 
Rotating cowl / // ramp bl: exits 

Bypass door 
- P  Bypass door bleed exit 

Second ramp’ 1 / 
bleeds are not shown 

( b )  Ramps, bleed exits, and bypass  
door e x i t s ,  

LThroat slot bypass 
Third ramp Cowl rotatlon plvot 

Note: Inboard and outboard sideplate 

E 34013 

( c )  
e x i t s  , 

Second and t h i r d  ramp b l e e d  

F igure  3 .  C o n t i n u e d .  



E 35054 

( d )  Bypass door b l e e d  e x i t s .  

Figure 3 .  C o n e l  uded.  

,-Complete aircraft metrlc 
(force balance) 

mass flow tubes 

Remote airflow 
measurements 

Pressure-instrumented 
right inlet 

Force balance 
(independent inlet drag) 

-to-sting tube metric seal 

Figure 4 .  I n l e t  model twin  force -ba lance  sting s y s t e m .  
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hird ramp bleed flow exit 

Throat slot bleed/ 
Second ramp bleed chamber 

Cowl rotatlon point 

Figure 5 .  
tunnel model.  

Inlet b l eed  and bypass  sy s t em for wind- 

l o p  vlew (upper cowl) 

Second and thlrd Throat slot bleed/ 
ramp bleeds bypass exit 

O D  

Rotatlng --+- Flxed 

Slde vbw 
Throat slot bleed/ f bvDass exit 

Strtlc pressure 
Total pressure probe Port (typical) 

Ramps (bottom vlrw) Lower cowl 

( a )  Inlet  p r e s s u r e s .  

Figure 6 .  
the 7.5-percent  wind-tunnel model 

S ta t ic  pressure ports on 



B : : % - ! Y g F - \  

Forward fuselage, right side 

Aircraft 
waterline- <--- 

Wing fairing 
A J n g  fairing 

Boundry-layer 
diverter c Boundry-layer diverter 

Wing fairing and boundry-layer diverter, right side 

Right upper fuselage 

I 
/ 

; . .  
/ 

. .-. , 

Aircraft Q 
Static pressure port (typical)7 

Aircraft Q 

Right lower fuselage 

r Static pressure port (typical) 

--- 
Aircraft Q 

-/--- 
Right upper aft fuselage Right lower aft fuselage 

( b )  Fuselage, wing f a i r i n g ,  and 
boundary-layer d i v e r t e r  p r e s s u r e s .  

Figure 6 .  C o x 1  uded. 
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20 

/ 

L 
bleed 

Line of Metric 
rotation bryak 

I 
I I 

I I '  

I 
. I  I _  1. 

.- \ I,I. 

. I* 
I 
I 

Second Third 
ramp ramp 
bleed _I_ bleed 

Wind tunnel model 

I ! ! bleed/ 

I 

I \-VariabletFtss door 

Figure 7 .  
wind-tunnel model b l eed  and bypass 
s y s t e m s  o n  the upper c o w l .  

Comparison of a i r p l a n e  and 

Bypass 

21 85.7 crn 
(860.5 In) 
(XIL = 1) 

I 
F.S.= 1052.8 cm (414.5 in) 

(XIL = 0.400) 
(780.5 In) 
(XIL = 0.892) 

Lower cowl lip 
(side view) 

Left side of aircraft (top view) 

Figure 8 .  
tunnel model. 

Major reference p o i n t s  f o r  F-15 a i r c r a f t  and Wind- 
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Total 60 
engine 
airflow, 
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0 
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' 
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.. 
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1.4 

1.2 120 Total 
engine 
airflow, 
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n 

_f_ Flight 
EZZZjlG-Foot Transonic Wind Tunnel 

1.6 

- 
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Reynolds number based on 
length of model or aircraft 

F i g u r e  9 .  Tota l  engine a i r f l o w  Figure  10. Fl igh t  and wir r i -  
for  t h e  F-100-PW-100 a f t e rburn ing  
turbofan  engine a t  an a l t i t u d e  of 
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tunnel Reynolds numbers. 

Bleed airflows 

1 1  Total inlet flow- 
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( a )  Diagram showing sum of i n l e t  captured s tream tube  area  
(Ao)  and geometric capture  area ( A ) .  

F i g u r e  1 1 .  
drags  an i  i n l e t  capture  r a t i o s .  

General teras for pressure - in tegra ted  i n l e t  



Upper cowl drag& 
\ 

-----_____ 

Lower cowl drag 

Inlet drag = additive drag + upper cowl drag + lower cowl drag + sideplate drag 

where 

additive drag = drag on three ramps + stream thrust in inlet throat - free-stream stream thrust 

( b )  
i n t e g r a t e d  inlet d r a g .  

R e l a t i o n s h i p s  used i n  t h e  c a l c u l a t i o n  of pressure-  
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-_-------_ 
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Y 
FcI 

( c )  Details of inlet drag and l i f t  e q u a t i o n s .  

Figure 1 1 .  Continued. 



LLadd 

Dadd = Flr sin (I +A'1) + F2r sin (I +A>) + FQr sin a + A '  ( ( ( 3) 

( ( 0 
( 3) 

+ FI COS (a +At3) - Fo 

Ladd = Fir COS (I +A';) + Fpr COS u +A>) + Fgr COS u + 6'3 

- FI sin (I + A '  

(d) 
the control volume shown in figure ll(c). 

Additive drag ard lift relationships for 

Figure 11. Concluded. 
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Figure 12. 
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Figure 1 3 .  Effects of  mass f l o w  on upper and 
lower s u r f a c e  p r e s s u r e s  a t  M, = 0.98 a = 3'8 
and p = 0 ' .  
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Figure 1 4 .  E f f e c t  of variable cowl on p r e s -  
s u r e s  over the  upper and lower  s u r f a c e s  of  
the a i r c r a f t  a t  M, = 0 . 9 ,  a = 3', and m i l i -  
t a r y  power.  
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E f f e c t  of angle  of a t t a c k  on inlet l i f t  and drag coefficients 
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